, a characteristic feature of tuberculous granulomas, form by fusion of monocytes or macrophages, but little is known about the mechanism of the fusion process itself. Several studies report an indirect effect of mycobacteria, i.e., induction of a soluble lymphocyte-derived fusion factor following stimulation by mycobacteria or mycobacterial products. The aim of our study was to determine whether contact with mycobacteria can induce MGC formation from human monocytes in vitro. Stimulation of monocytes with Mycobacterium bovis bacillus Calmette-Guérin (BCG) in combination with cytokine-containing supernatants of herpesvirus saimiri-transformed human T-cell clones (T-SN) led to MGC formation with fusion rates of about 27%. In contrast, stimulation with one component alone induced only low fusion rates of up to 10%. Heat-killed BCG in combination with T-SN induced monocyte fusion to the same extent as live mycobacteria. BCG culture supernatant, BCG lysate, or inert particles in combination with T-SN did not induce MGC formation. Experiments using transwell plates containing a semipermeable membrane revealed that induction of the fusion process is dependent on direct contact of monocytes and mycobacteria. MGC formation induced by BCG plus T-SN could be inhibited by addition of monoclonal antibodies to gamma interferon (but not tumor necrosis factor alpha) as well as to the ␤ chain (CD18) of ␤2-integrins. These results demonstrate that contact with mycobacteria in combination with cytokine-containing supernatants is able to induce human monocytes to form MGC and that membrane-bound molecules of mycobacteria and monocytes are involved in the fusion process.
Multinucleated giant cell (MGC) formation is a common histopathologic feature of various granulomatous diseases (including tuberculosis, leprosy, schistosomiasis, and sarcoidosis) and of foreign body reactions. The presence of MGC within the tuberculous granuloma was first described in detail by Langhans in 1868 (27) .
MGC originate from fusion of monocytes, but the precise mechanism of their formation and the contribution of these cells to the pathogenesis of tuberculosis are still poorly understood. MGC can be generated in vitro in quite different ways by stimulating cells of the monocyte/macrophage lineage with cytokines (13-16, 30, 31, 36, 37, 62) , lectins (6, 57) , conditioned media (1, 26, 39, 47, 52) , or monoclonal antibodies (MAbs) (29, 43, 55) . It is not clear which of these in vitro models reflects most precisely the generation of MGC in vivo. In particular, it is not known whether mycobacteria contribute directly to MGC formation of human monocytes during a mycobacterial infection. Several studies with cells from different species reported an indirect effect of mycobacteria, i.e., induction of a soluble lymphocyte-derived fusion factor following stimulation by mycobacteria or mycobacterial products (20, 46, 47, 61) . In mice with Pneumocystis carinii pneumonia, however, MGC formation can occur independently of lymphocytes and their soluble products (22) . As far as induction of MGC formation by mycobacteria is concerned, it was shown recently that swine microglia infected with Mycobacterium bovis or Mycobacterium tuberculosis form MGC in vitro (45) . To our knowledge, direct induction of MGC formation by mycobacteria in the human system has not been reported.
It is remarkable that many authors who investigated the interactions of mycobacteria and human monocytes/macrophages do not mention the occurrence of MGC. In most studies on MGC formation, macrophages (from humans or other species) were used. However, there is evidence that monocytes newly arriving at the site of infection play a key role in MGC formation (5, 21, 35, 53) . Furthermore, recent investigations by our group have shown that the in vitro fusion capacity of human monocytes following stimulation with cytokine-containing supernatants is gradually lost during monocyte-to-macrophage maturation (40) . For this reason, we used human peripheral blood monocytes for our studies on the role of mycobacteria in MGC formation.
The effects of cytokines and anti-cytokine MAbs on MGC formation have been investigated in many studies. Both in vivo and in vitro experiments suggest a role for gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) in MGC and granuloma formation, although results have been somewhat conflicting. Among cytokines inducing fusion, IFN-␥ appears to play a central role. IFN-␥ has been reported to induce MGC formation directly (16, 42, 62) and to enhance fusion rates induced by other stimuli (1, 15, 37, 57) . Antibodies against IFN-␥ inhibit MGC formation in vitro (17, 39) as well as in vivo (3, 9) . In several other studies, anti-IFN-␥ antibodies had no effect on MGC formation (1, 30, 36, 37, 57) , and even prevention of fusion by IFN-␥ was reported (56, 60) . Peterson et al. found that TNF-␣ contributes to mycobacterium-induced fusion of swine microglia (45) . In contrast, TNF-␣ did not induce MGC formation with murine (60) or human (15, 37, 39, 57) monocytes/macrophages. Antibodies to TNF-␣ have been reported to inhibit the formation of MGC (23, 57) and of gran-ulomas (10, 23, 25) . However, in another study, anti-TNF-␣ MAb had no effect on cell fusion (37) .
Since contact between cells is a prerequisite for fusion, surface molecules and especially adhesion molecules of cells undergoing fusion must be important for MGC formation. Inhibition of cell aggregation and/or fusion by antibodies against the ␣ and/or ␤ chain of leukocyte function-associated antigen 1 was found in various systems (16, 24, 30, 32, 39, 45, 55) . Furthermore, it was demonstrated that the CD14 antigen is involved in mycobacterium-induced cell fusion in swine (45) .
In this report, we show that contact with mycobacteria directly induces the fusion of human monocytes in vitro and that also in this system both cytokines and monocyte surface molecules are involved in MGC formation.
MATERIALS AND METHODS

Isolation of monocytes.
Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood of healthy adult volunteers (members of laboratory staff) by density gradient centrifugation with Ficoll-Paque (Pharmacia, Uppsala, Sweden). PBMC were washed twice with phosphate-buffered saline (PBS) and resuspended in RPMI 1640 (HyClone, Cramlington, England) supplemented with 2 mM L-glutamine (PAA Laboratories, Linz, Austria) and 10% fetal calf serum (PAA Laboratories) (referred to as standard medium). After addition of 3% human serum, PBMC were plated on plastic petri dishes (Greiner, Kremsmünster, Austria) which had been previously coated with 2% gelatin (Merck, Darmstadt, Germany) and autologous plasma (19) . Following incubation for 40 min at 37°C, nonadherent cells were removed by repeated vigorous washings with warm standard medium. Adherent monocytes were detached by incubation with 5 mM EDTA solution (1:1 mixture of 10 mM EDTA in PBS with standard medium) for 10 to 15 min at 37°C. Cells were washed twice, resuspended in standard medium, and plated on 96-well cell culture plates (Costar, Cambridge, Mass.) at a density of 3 ϫ 10 4 /well. All cultures were done without antibiotics. Preparations always contained Ͼ90% (and usually Ͼ95%) monocytes as revealed by fluorescence-activated cell sorter (FACS) analysis (monocytes were defined by their typical forward and side scatter characteristics and staining with CD14 MAb). Freshly isolated monocytes were Ͼ95% viable (assessed by their ability to exclude trypan blue dye).
Mycobacteria. M. bovis bacillus Calmette-Guérin (BCG, strain Chicago, ATCC [American Type Culture Collection] 27289), BCG lysate (without membranes), and supernatant of BCG cultures (BCG-SN) were a kind gift from I. Flesch, Department of Immunology, University of Ulm, Ulm, Germany. Culture of BCG in Dubos broth and production of culture supernatant and BCG lysate are described in reference 50. The bacteria were stored in Dubos broth in aliquots of 2 ϫ 10 7 at Ϫ80°C. Aliquots were thawed, washed once in sterile cold PBS, and resuspended in 10 ml of standard medium. Following vigorous vortexing and passaging of the bacterial suspension several times through a syringe equipped with a 25-gauge needle to disperse clumps of bacteria, the microorganisms were added to the monocytes in appropriate numbers (see below). For selected experiments, BCG mycobacteria were heat killed by autoclaving (125°C, 20 min). For short-time storage, aliquots of mycobacteria were kept at Ϫ20°C until use. Viability of the mycobacteria was confirmed by culture in BBL MGIT (Becton Dickinson; kindly provided by M. Fille, Federal Public Health Laboratory, Innsbruck, Austria). In some experiments, M. tuberculosis H37Ra (desiccated, nonviable; also supplied by I. Flesch) was used instead of BCG. These microorganisms were reconstituted in standard medium at 10 mg/ml. After vortexing, large clumps were allowed to settle out over 15 min; the upper bacterial suspension was passed through a syringe as described above and used for stimulation of monocytes (see below).
T-cell supernatants. Herpesvirus saimiri-transformed human T-cell clones were kindly provided by H. Fickenscher (Institute of Clinical and Molecular Virology, University of Erlangen-Nürnberg, Erlangen, Germany). These cells demonstrate an activated, mature T-cell phenotype and do not release infectious virus but produce several cytokines (including IFN-␥ and TNF-␣) (12) . We used supernatants from two different clones, HLA132 (CD4 ϩ ) and XP1220 (CD8 ϩ ). Since these supernatants did not differ in fusion-inducing capacity, hereafter they are collectively referred to as T-SN. The cells were grown in 45% RPMI 1640 and 45% CG medium (Vitromex, Vilshofen, Germany) supplemented with 10% fetal calf serum and 20 U of interleukin-2 (IL-2; Boehringer, Mannheim, Germany) per ml. Supernatants were harvested twice a week, centrifuged at 300 ϫ g, passed through a 0.22-m-pore-size filter (Minisart NML; Sartorius AG, Göttingen, Germany), and stored at Ϫ20°C until use. Since it was possible to culture the T-cell clones in standard medium without IL-2 for several weeks, supernatants of these cultures were tested as a control for the effects of CG medium and IL-2 on MGC formation.
Induction of MGC formation with mycobacteria in combination with T-SN or IFN-␥. Monocytes were incubated with viable BCG (0.4/cell) and T-SN (50%). In control experiments, cells were cultured with either BCG or T-SN alone. After 3 days, medium was removed, and plates were stained with Giemsa (Sigma, Munich, Germany) and evaluated microscopically (TELAVAL 31; Zeiss, Jena, Germany). The fusion rate (or fusion index) of monocytes was calculated by determining the number of nuclei within MGC (more than two nuclei per cell) in a given area per total number of nuclei in that same area: fusion rate (%) ϭ (number of nuclei within MGC/total number of nuclei counted) ϫ 100. Between 300 and 400 nuclei from selected representative fields were counted for each preparation.
Alternatively, T-SN was replaced by IFN-␥ (125 to 1,000 U/ml; a kind gift from J. Brzoska, Bioferon, Laupheim, Germany), TNF-␣ (2 to 2,000 U/ml; Pepro Tech, London, England), or IFN-␥ plus TNF-␣ (500 and 2 to 2,000 U/ml, respectively). To rule out that lymphocytes remaining in the purified monocyte population have a significant influence on MGC formation, we readded 20% autologous lymphocytes to the cultures.
In some experiments, heat-killed BCG or M. tuberculosis H37Ra (nonviable) was used instead of viable BCG. For M. tuberculosis, a suspension was prepared as described above. Starting with 50 l/well, serial 1:2 dilutions were tested alone and in combination with T-SN (50%) in order to determine optimal concentrations for induction of MGC formation. The highest fusion rates were obtained with a suspension diluted 1:64.
BCG lysate and BCG-SN (50) were applied at final dilutions of 1:6 to 1:100 and 1:4 to 1:64, respectively. Purified protein derivative (PPD), a kind gift from C. Schmidt (Sero-Merieux, Vienna, Austria), was used at concentrations of 1 to 2,000 g/ml. All of these stimuli were tested alone as well as in combination with T-SN (50%). For control experiments, latex beads (Fluoresbrite; 2.23-m-diameter pore size; Polyscience Inc., Warrington, Pa.) were added to the monocytes at a final ratio of 10, 5, 2.5, or 1 bead per cell. Latex beads were used either unopsonized or opsonized (50% human serum, 37°C, 30 min). Again, the particles were tested alone as well as in combination with T-SN (50%). In selected experiments, viability of MGC was assessed by the ability to exclude trypan blue dye and was found to be Ն85%.
For the specific staining of intracellular mycobacteria, MGC were generated in Lab-Tek chamber slides (Nunc, Roskilde, Denmark), using 1.2 ϫ 10 5 monocytes per chamber and BCG plus T-SN referred to hereafter as BCG ϩ T-SN) in standard concentrations. After 3 days, mycobacteria were stained with carbol fuchsin, and nuclei of MGC were counterstained with malachite green (both from Merck).
Induction of MGC formation with conditioned medium of BCG-or ConAstimulated PBMC. PBMC were isolated as described above, resuspended in standard medium, and plated on 24-well cell culture plates (Costar) at a concentration of 2 ϫ 10 6 /ml. After addition of BCG (0.5/cell) or concanavalin A (ConA; 16 g/ml; Sigma), cultures were incubated for 3 days. Finally cells were removed, and supernatants (BCG-SN and ConA-SN) were sterile filtered (0.22-m-pore-size filter) and added to monocytes at a final concentration of 50%. After incubation for 3 days, the fusion index was determined as described above.
Transwell cultures. To separate cells from mycobacteria, incubations were done in 24-well cell culture plates with inserts containing a semipermeable membrane porous to solutes but not to bacteria (10-mm-diameter tissue culture inserts with Anopore membrane [pore size, 0.02 m]; Nunc). Monocytes were cultured at a density of 4 ϫ 10 5 per well; 1.6 ϫ 10 5 mycobacteria (i.e., 0.4 BCG/cell) were added to the insert. T-SN was added to both compartments at a final concentration of 50%. Total volume was 800 l, with 400 l in each compartment. For control experiments, cells were cultured with either T-SN or BCG alone or with both components without separation.
Alternatively, monocytes in the well were stimulated with BCG ϩ T-SN at standard concentrations, whereas monocytes in the insert (2 ϫ 10 5 ) were cultured with T-SN alone. This experiment was performed in order to determine whether cells cocultured with BCG release a soluble factor which could then exert an effect on monocytes cultured in the other compartment separated from BCG.
All cultures were incubated for 3 days, and the fusion index was determined as described above.
Blocking experiments with MAbs. Anti-IFN-␥ MAb GZ4 (immunoglobulin G1; [IgG1]; a kind gift from G. Adolf, Bender, Vienna, Austria), anti-TNF-␣ MAb 1825.12 (IgG1; R&D Systems, Wiesbaden, Germany), anti-LFA-1␤ MAb TS1/18 (IgG1; ATCC) or CD14 MAb MY4 (IgG2b; Coulter, Krefeld, Germany) was added to monocyte cultures simultaneously with the fusion-inducing stimuli (antibody concentrations are indicated in the figures). To remove sodium azide from the antibody sample, CD14 MAb was dialyzed against PBS, using dialysis cassettes (Slide-A-Lyzer; Pierce, Rockford, Ill.). Control experiments were done with MAb of the same isotype (for TIB 191, IgG1; for TIB 109, IgG2b; ATCC).
Statistical analysis. Data are expressed as mean Ϯ standard error of the mean (SEM) of the indicated number of experiments. Analysis of variance was applied for comparison of grouped variables. Significant differences (P Ͻ 0.01) between groups were analyzed by unpaired Student's t test.
RESULTS
Mycobacteria in combination with soluble factors are able to induce MGC formation in vitro. Fusion rates induced by stimulation of monocytes with BCG, T-SN, or BCG-SN alone were very low and depended on the blood donor from whom the cells were derived. BCG alone generally led to fusion rates of up to 5%. However, with cells from one-third of the donors, BCG alone induced no fusion at all. Likewise, stimulation with T-SN or BCG-SN alone generally led to fusion rates below 10%. Only in a few experiments with T-SN were fusion rates between 10 and 20% obtained. In contrast to stimulation with BCG or T-SN alone, the combination of BCG ϩ T-SN yielded fusion rates of about 27% (26.8% Ϯ 1.7%; range, 15 to 37%) with cells of all donors tested ( Fig. 1 and 2 ). After 1 day of incubation, only a few MGC had developed. Fusion rates increased during the following days, reaching maximal values on day 3. Addition of autologous lymphocytes did not increase fusion rates. Typical examples of differently stimulated monocytes after 3 days of culture are shown in Fig. 1 .
In preliminary experiments, monocytes were cultured with 0.01 to 100 BCG/cell in order to determine the BCG/cell ratio optimal for fusion and cell viability. With BCG/cell ratios of 0.3 to 1.2, we obtained similar fusion rates of about 30% (Fig. 3) . However, with increasing amounts of BCG, mycobacteria had a toxic effect on monocytes of some donors. BCG/cell ratios of Ͼ1 led to extensive cell loss in all experiments (Ͼ1 for about half of all cells; Ͼ2 for about two-thirds of all cells). This effect was not influenced by T-SN, since cell loss observed with these BCG numbers occurred upon stimulation with BCG alone and in combination with T-SN. With BCG/cell ratios of Ͻ0.1, fusion rates declined rapidly. Thus, we used 0.4 BCG/cell for subsequent experiments.
Since it was not possible to disperse all clumps of bacteria, aggregates of different sizes were present in the BCG preparation. Specific staining of the mycobacteria with carbol fuchsin revealed that after 2 h of incubation, most BCG aggregates were surrounded by monocytes but not yet internalized. In contrast to solitary mycobacteria, phagocytosis of larger aggregates required longer time periods. Thus, it was not possible to separate the process of cell fusion from that of phagocytosis. After 3 days, almost all MGC contained BCG (Fig. 4) . Since T-SN alone induced cell fusion to a certain extent, the rare MGC containing no mycobacteria might be ascribed to the stimulating effect of the T-SN.
In cultures treated with BCG ϩ T-SN (but not with ConA-SN), cells with special features could be observed. Occasionally a cell (with one or more nuclei) was enclosed by another cell (which also could have one or more nuclei). A typical example is shown in the inset in Fig. 1c . After staining with Giemsa, the space between phagocytosed and phagocytosing cell often remained visible. In some cases, the membrane pseudopodia of the phagocytosing cell were about to fuse, whereas in other cases they had already fused.
For comparison, monocytes were cultured with ConA-SN. MGC induced in this fusion system were often larger and contained more nuclei (Fig. 1) . However, stimulation of cells with ConA-SN led to very different results, depending on the blood donor. Fusion rates ranged from less than 10% to more than 90%. Furthermore, the fusion-inducing capacities of different ConA-SN preparations were very variable. For blocking experiments with MAb (see below), ConA-SN with high fusion-inducing capacity (fusion rates of Ն60%) was used. Phagocytosis per se was not sufficient for MGC formation induced by BCG ϩ T-SN, since both unopsonized and opsonized latex beads, which were readily phagocytosed, did not lead to fusion rates beyond control values (neither alone nor in combination with T-SN; data not shown).
Heat-killed BCG in combination with T-SN could induce monocyte fusion to the same extent as viable BCG ϩ T-SN. Moreover, comparable fusion rates could be induced by stimulation of monocytes with optimal concentrations of nonviable M. tuberculosis H37Ra ϩ T-SN (Fig. 2) . In contrast, neither BCG lysate nor supernatant of BCG cultures was able to substitute for intact mycobacteria. Similarly, monocytes from most donors could not be induced to form MGC by stimulation with PPD ϩ T-SN. Only with cells of three of eight donors did PPD at concentrations of 250 or 500 g/ml in combination with T-SN induce higher fusion rates than T-SN alone. PPD alone had no effect. At PPD concentrations above 500 g/ml, viability of monocytes decreased and cell loss occurred (data not shown).
We then tested whether IFN-␥ and TNF-␣, two cytokines to which a role in MGC formation is attributed, were able to substitute for T-SN. With cells from 3 of 13 donors, IFN-␥ in combination with BCG induced MGC formation, but only to a certain extent. Maximal fusion rates were about half as high as those achieved with BCG ϩ T-SN. With IFN-␥ alone, MGC were observed only occasionally and fusion rates never exceeded 5%. With TNF-␣ alone as well as in combination with BCG, only a few MGC developed even at TNF-␣ concentrations of up to 2,000 U/ml. Furthermore, IFN-␥ and TNF-␣ in combination could not substitute for T-SN (data not shown).
IL-2 was present in the medium used for culture of T-cell clones but is probably not involved in induction of fusion for the following reasons. T-cell medium itself did not induce MGC formation, and there was no difference between the fusion-inducing capacity of normal T-SN and supernatant obtained from T-cell clones cultured in standard medium (not shown).
Direct contact of monocytes and BCG is necessary for induction of fusion. To determine whether direct contact of monocytes and BCG is necessary for MGC formation, experiments with transwell plates containing a semipermeable membrane were performed. In cultures in which cells and mycobacteria were separated, fusion rates did not exceed those achieved with T-SN alone (Fig. 5) . When monocytes were present in both compartments, only cells cocultured with BCG formed MGC. Monocytes in the other compartment remained largely mononuclear, with fusion rates not exceeding those in control wells stimulated with T-SN alone (not shown). Culture of cells on the membrane of the insert did not affect the ability of monocytes to fuse, since in control experiments cells cocultured with BCG in the insert readily formed MGC.
Effects of MAb against monocyte surface molecules on MGC formation. A CD18 MAb inhibited both BCG ϩ T-SN-and
ConA-SN-induced MGC formation efficiently (Fig. 6) . Nevertheless, some small MGC with three or four nuclei were observed even at high antibody concentrations. In the case of BCG ϩ T-SN-induced fusion, higher antibody concentrations were necessary to decrease fusion rates significantly, although ConA-SN induced higher fusion rates than BCG ϩ T-SN (Fig.  6 ). This MAb also inhibited monocyte aggregation. In contrast, an antibody to the CD14 antigen did not inhibit MGC formation induced by either BCG ϩ T-SN or ConA-SN. Control antibodies of the same isotypes did not exert any effect.
Effects of MAb against IFN-␥ or TNF-␣ on MGC formation. A MAb against IFN-␥ blocked MGC formation induced by BCG ϩ T-SN or by
ConA-SN in a dose-dependent manner (Fig. 7) . As observed for CD18 antibody, the anti-IFN-␥ MAb did not block MGC formation completely and less antibody was sufficient to inhibit ConA-SN-induced fusion significantly compared to BCG ϩ T-SN-induced fusion.
MGC formation caused by ConA-SN was dose dependently reduced by a MAb against TNF-␣. At 10 g/ml, this antibody reduced fusion rates to about half-maximal values (Fig. 8) . Higher antibody concentrations did not lead to further inhibition (data not shown). In contrast to anti-IFN-␥ MAb, relatively low amounts of anti-TNF-␣ MAb (10 ng/ml) still inhibited MGC formation significantly. Unexpectedly, the same MAb did not inhibit fusion induced by BCG ϩ T-SN but, on the contrary, enhanced fusion rates by about 20% (Fig. 8) . This effect was independent on the presence of BCG, since anti-TNF-␣ MAb enhanced fusion rates caused by T-SN alone to a similar extent (data not shown). Control antibody of the same isotype had no effect.
DISCUSSION
Although the occurrence of MGC was first recognized in the tuberculous granuloma, little is known about direct induction of MGC formation by mycobacteria. Most studies have focused on an indirect mechanism mediated by leukocyte-derived soluble factors. Only recently was the development of MGC from swine microglia cells in response to M. bovis reported (45) . To our knowledge, the present study is the first to show that fusion of human monocytes in vitro requires direct contact with mycobacteria. Whereas monocytes from some (one-third) of the donors did not fuse following stimulation with BCG alone, the combination of mycobacteria and cytokine-containing supernatants from T-cell clones induced cells from all donors to form MGC. Fusion rates were lower than those obtained by stimulation of monocytes with ConA-SN. However, using the combination of T-SN and BCG as stimulating agents, the wide variability of fusion rates with ConA-SN (caused by different fusion capacity of various ConA-SN and distinct readiness of monocytes from different donors to fuse) was overcome.
Experiments with transwell cultures revealed that direct contact of monocytes and mycobacteria is necessary to induce formation of MGC. BCG-SN and BCG lysate (containing no intact membranes) were not able to induce MGC formation (neither alone nor in combination with T-SN). Stimulation with PPD led to variable and inconsistent results. This mixture of mycobacterial proteins contains more or less degraded proteins of various origins (2) . Since all of these mycobacteriumderived soluble factors are not sufficient for induction of fusion, probably molecules located within intact mycobacterial membranes are necessary to induce MGC formation. Whether membrane preparations of mycobacteria are able to contribute to induction of fusion is an interesting question that should be clarified in future studies. This hypothesis is supported by our observation that heat-killed BCG and nonviable M. tuberculosis induced fusion rates comparable to those caused by viable BCG. Similar observations were reported by Peterson et al. (45) . In addition, this group demonstrated by transmission electron microscopy that MGC derived from swine microglia by stimulation with M. bovis contained intracellular bacilli. Also in our fusion system, BCG were found to be located within MGC, suggesting that phagocytosis of the bacilli might be involved in the fusion process. However, phagocytosis per se is not sufficient for MGC formation since neither unopsonized nor opsonized latex beads (alone or in combination with T-SN) were able to induce fusion. Furthermore, many pathogens are taken up by monocytes without leading to cell fusion, indicating that in addition to phagocytosis, distinctive features of the involved pathogen are essential for MGC formation.
There is good evidence that IFN-␥ is one of the soluble factors involved in MGC formation induced by mycobacteria. First, anti-IFN-␥ MAb dose dependently inhibited fusion induced by BCG ϩ T-SN. However, relatively high amounts of antibody (Ͼ10 g/ml) were necessary to reduce fusion rates significantly. This is somewhat surprising because ConA-SNinduced MGC formation was inhibited by a far lower amount of antibody (comparable to quantities needed to block other biological functions of IFN-␥). Second, with cells from some donors, IFN-␥ substituted for the T-SN to a certain extent. At present we have no explanation for this donor variability. Nevertheless, these results indicate involvement of IFN-␥ in cell fusion induced by BCG ϩ T-SN and are in line with findings from other groups. IFN-␥ alone (16, 42, 62) and in combination with other factors (1, 15, 37, 57) has been widely used to generate MGC in vitro. Furthermore, antibodies against IFN-␥ have been shown to inhibit MGC formation in vivo (3, 9) as well as in vitro (17, 39) . Surprisingly, in several other studies anti-IFN-␥ MAb did not inhibit MGC formation (1, 30, 36, 37, 57) , and even prevention of fusion by IFN-␥ was reported (56, 60) . The reason for these conflicting results is not known.
Evidence for the involvement of TNF-␣ in MGC or granuloma formation comes from in vivo (10, 25) as well as in vitro (23, 51, 57) studies and from investigations of biopsy material from tuberculosis patients with histopathologic methods (41) . On the other hand, TNF-␣ failed to induce formation of multinucleated cells in other studies both in the murine system (60) and in the human system (15, 37, 39, 57) . It was reported that stimulation of swine microglia in vitro with TNF-␣ or M. bovis induced the formation of similar numbers of MGC (45) . In contrast, in our system using human monocytes, TNF-␣ alone or in combination with BCG or BCG ϩ IFN-␥ caused the formation of only occasional MGC. Comparison of these results is difficult, because Peterson et al. determined MGC numbers but not the fusion index (45) . Since MAbs to swine TNF-␣ were not available to them, they could not perform blocking experiments. In our present study, an anti-TNF-␣ MAb did not inhibit MGC formation induced by BCG ϩ T-SN but, on the contrary, enhanced fusion rates. However, this effect was independent of the presence of mycobacteria, since the anti-TNF-␣ MAb also enhanced fusion rates caused by T-SN alone. In another study, an anti-TNF-␣ MAb had no effect on MGC formation induced by IL-4 plus granulocytemacrophage colony-stimulating factor (37) . In contrast, ConA-SN-induced fusion rates were reduced to half-maximal values by the anti-TNF-␣ MAb in our study. Two other groups found anti-TNF-␣ MAbs to inhibit MGC or granuloma formation induced by Candida albicans or ConA in vitro (23, 57) . At present we have no explanation for the differing effects of anti-TNF-␣ MAbs in the two fusion systems that we used. However, these results underline the distinctness of MGC formation induced by BCG ϩ T-SN or ConA-SN under otherwise identical conditions.
It is not clear which additional cytokines are involved in MGC formation. For several reasons it could be excluded that IL-2, which was added to the T-cell medium as a growth factor, was responsible for induction of fusion. First, T-cell medium itself had no fusion-inducing capacity. Second, IL-2 alone or in combination with other factors (IFN-␥ and BCG) (reference 39 and unpublished results) did not induce MGC formation. This observation is in accordance with results from others (37, 57) . Third, T-SN from T-cell clones cultured in standard medium (without IL-2) had the same fusion-inducing capacity.
The inhibition of BCG ϩ T-SN-induced MGC formation by CD18 antibody suggests that monocyte surface molecules containing the CD18 antigen (␤2-integrins) are involved in the fusion process. One possibility is that these antibodies inhibit attachment and/or phagocytosis of the mycobacteria. A role in both complement-dependent (49) and complement-independent (11, 54) phagocytosis of mycobacteria has been reported for the ␤2-integrin CD11b/CD18 (complement receptor type 3). However, CD18 antibody also inhibited ConA-SN-induced MGC formation (a fusion system which does not involve phagocytosis of microorganisms). Furthermore, this MAb also strongly inhibited the aggregation of monocytes in both systems. Therefore, it is conceivable that antibodies to the common ␤ chain of integrins influence the capacity of the monocytes to migrate and to establish cell-cell contact. The involvement of ␤2-integrins in monocyte migration on proteins of the extracellular matrix (44) and in the process of extravasation (34) has been demonstrated. It has been shown that a MAb to CD14 antigen inhibits the fusion of swine microglia (45) . In our system, the same antibody did not influence fusion rates. This discrepancy might be due to differences in culture conditions, species, and/or cell types.
In both fusion systems, a few MGC developed during the first day of culture, but to achieve maximal fusion rates, an incubation period of 3 days was necessary. In contrast, Peterson et al. observed MGC as early as 2 h after the beginning of culture and found maximal MGC numbers after 18 h of incubation (45) . This is exceptionally rapid, since in most fusion systems more than 24 h (and in most cases several days) of culture is required to obtain maximal fusion rates. Only in a few studies were incubation periods of less than 24 h sufficient to induce high fusion rates. Interestingly, in these investigations, very different stimuli, including supernatants from BCGsensitized cells (20) , ConA-SN (52), and antimacrophage serum (48) , were used to induce fusion.
Relatively low BCG/cell ratios were optimal for MGC formation. The possibility exists that higher BCG/cell ratios would lead to higher fusion rates. However, in our system, which required prolonged culture of monocytes with mycobacteria, BCG/cell ratios of Ͼ1 led to extensive cell loss. Peterson et al. (45) used 5 and 50 mycobacteria/cell, respectively, but these experiments were finished after 18 h. In two other investigations, in which long incubation periods were necessary, only low mycobacterium/cell ratios were applied (33, 38) . A recent study on stimulation of dendritic cells with BCG showed that cell viability decreased dramatically if BCG/cell ratios of Ͼ1.5 were used (58) . In vivo, the cytotoxicity of mycobacteria leads to a relatively high rate of monocyte and lymphocyte turnover in the tuberculous granuloma (18) .
The BCG preparations used in this study contained some aggregated bacteria which could not be dispersed. The presence of these aggregates and the prolonged exposure of monocytes to mycobacteria may reflect the in vivo situation in a granuloma. Longer time periods could be necessary to phagocytose these aggregates compared to single mycobacteria. In vivo granulomatous lesions form at sites where antigenic material persists for longer time periods. These granulomas serve to enclose pathogens and to prevent further dissemination. An alternative explanation could be that several phagocytes are necessary to ingest larger aggregates of bacteria. As a consequence, simultaneously attempted phagocytosis may lead to MGC formation. A similar concept was first proposed by Chambers (7) . It is also conceivable that more than one mechanism contributes to MGC formation in vitro as well as in vivo. The observation that not only are the mycobacteria phagocytosed but sometimes whole cells are internalized by other cells, leading to the formation of multinucleated cells, could be of importance. Several similar observations have been reported (8, 35, 52, 59) . It is conceivable that in vivo phagocytosis of one (probably infected) cell by another cell can lead to MGC formation.
Byrd reported mycobacterial cords growing throughout monocyte aggregates and suggested that MGC might limit the cell-to-cell spread of virulent mycobacteria by their nuclei forming a barrier (4). Furthermore, it was reported recently that intracellular mycobacteria within phagocytic vacuoles are more sensitive to H 2 O 2 -induced killing than extracellular bacilli and that extracellular mycobacteria were less sensitive to H 2 O 2 treatment in medium containing monocyte lysates than in cell-free culture medium (28) . Medium containing cell lysates may resemble the in vivo situation in granulomas containing necrotic cell debris. In this context, cell fusion leading to MGC formation could be the attempt of the host to retain full capacity to kill the pathogens and to prevent the release of viable bacilli from infected cells in order to hinder further dissemination of the infection.
Previous investigations by our group demonstrated that the capacity for cell fusion is gradually lost during monocyte-tomacrophage maturation in vitro. However, monocytes are able to fuse with other monocytes as well as with macrophages (40) . It has been shown that monocytes have a greater capacity than macrophages to kill intracellular microorganisms, including mycobacteria (38, 63) . Thus, fusion of monocytes newly arriving at the site of infection with infected monocytes or macrophages might be of benefit for the host.
In conclusion, contact with mycobacteria in combination with cytokine-containing supernatants directly induces human monocytes to form MGC in vitro. Apart from soluble factors, membrane-bound molecules both from mycobacteria and from monocytes appear to be involved in this fusion process. The role of MGC in an in vivo granuloma might be to retain mycobacteria inside cells which are able to kill the pathogens efficiently and prevent their dissemination beyond the local site of infection.
